ABSTRACT Micro-motion dynamics, such as rapid rotation, vibration and spinning motion, impose additional time-varying frequency modulation on the returned radar signals, which is known as the microDoppler (m-D) effect. Micro-Doppler frequency is considered as a stable and unique feature, where the uniqueness means that different micro-motions have distinct signatures. Thus, radar m-D feature extraction is of great potential in target classification and identification. This paper presents m-D frequency estimation from the HRRPs of rotating targets in frequency-stepped signal (FSS) based on the circular correlation (CC) coefficients and the circular average magnitude difference (CAMD) coefficients. The m-D frequency of rotating targets can be estimated accurately from the two proposed methods and the corresponding computational cost burden is also investigated. The accuracy and efficiency of the estimations are compared and revealed by the simulated trials and experimental data.
I. INTRODUCTION
In addition to the bulk motions, radar targets or any structures on the targets may incorporate rapidly periodic micro-motion dynamics, such as spinning ballistic targets, swing arms and legs of human beings and rotating rotor blades of helicopters, which impose additional time-varying frequency modulation on the returned radar signals [1] - [5] . This modulation is known as micro-Doppler (m-D) effect and the modulation period in frequency is denoted as m-D modulation frequency, i.e., m-D frequency, which provides significant information of the micro-motion dynamics [6] - [10] . Thus, as a stable and unique feature, m-D frequency can be used to distinguish targets or components with various motions. For example, ballistic missiles can be discriminated from the other nearby ballistic targets (such as boosters, decoys and debris) since the intrinsic nutation motion of war-heads induces distinct m-D features [8] . The feature extraction for automatic target recognition (ATR) have received increasing attention among the radar community [4] , [11] - [13] . Traditional time-frequencybased (TF-based) feature extraction techniques rely primarily on the assumption that more than one oscillation of the sinusoidal frequency modulation (FM) curves of high resolution m-D frequency can be achieved [5] , [10] . High frequency resolution needs not only a long dwell time but also a high-resolution TF transform which may increase the observation time and the computational complexity [14] . Usually, bilinear transforms, such as the Wigner-Ville distribution (WVD), has better joint time-frequency resolution than any linear transform, such as the short-time Fourier transform (STFT) [15] . Since the radar signal is frequently a multi-component signal, regarding the interference, the cross term of bilinear transforms (such as the WVD) may be unavoidable in the TF plane. Thus, more sophisticated improved TF distribution is addressed to reduce the crossterm interference (such as the smoothed pseudo Wigner-Ville distribution, SPWVD). Especially due to the shield effect, the m-D curves in the TF plane may be only partial at certain aspect angles [16] . Based on the above factors, conventional feature extraction methods based on the m-D curves in the TF plane may not be effective [5] , [17] , [18] , [21] , [23] , and this deficiency is what motivates this paper.
Large time-bandwidth product signals are frequently adopted to synthesize high resolution range profiles (HRRPs), such as the chirp signals, the frequency-stepped signals (FSS) and the frequency-stepped chirp signals (FSCS) [5] , [19] , [20] . HRRPs can also be utilized in feature extraction of targets with micro-motion dynamics [5] , [21] - [23] . The main advantage of FSS, compared with other kinds of high resolution radar signals, is that it can easily achieve high range resolution without expensive hardware to support the instantaneous wide bandwidth [5] . For a wideband target recognition radar with FSS, HRRPs can be easily reconstructed by one dimensional (1-D) inverse fast Fourier transform (IFFT) while the m-D curves in TF imaging plane should be achieved by TF-based algorithm which is more time-consuming [14] , [24] . Especially in a case of multiple targets with close velocity, m-D signatures will be nonseparable in TF plane and HRRP based method may be a better choice if targets can be separated by range [12] , [25] . Moreover, conventional m-D parameter estimation methods, such as Hough Transform (HT) and extended Hough Transform (EHT), are not only time-consuming but also easily run into local optimums when the dimension of parameters increases [18] , [26] . The features of rotating targets with two symmetrical corner reflectors are extracted from HRRPs via FSS based on the three-point model. However, the threepoint model is derived under the assumption that the curves of HRRPs are sinusoidal which would be disturbed in the case of rotating targets with translation motion. In view of this, the m-D frequency of rapid rotating targets is extracted from the reconstructed HRRPs via FSS based on the circular correlation (CC) coefficients and the circular average magnitude difference (CAMD) coefficients in this paper. The reconstructed HRRPs of rapidly periodic rotating targets moving at constant speed in the slow-time-range plane are presented and the circular periodicity of HRRPs is also revealed. The CC coefficients and CAMD coefficients are then employed to characterize the circular periodicity of HRRPs and to provide estimates of the rotating frequency, respectively. The advantage of the proposed methods in this paper is that feature extraction based on the CC and CAMD coefficients can deal with rotating targets with or without a translation velocity benefiting from the circular periodicity of HRRPs while the method mentioned in reference [5] is only suitable for rotating targets with no translation motion.
The rest of the paper is organized as follows: The reconstructions of HRRPs of rapidly periodic rotating targets with a constant speed in FSS radar system are depicted in Section II. In Section III, the circular periodicity of the reconstructed HRRPs is uncovered and the rotating frequency is estimated via the CC coefficients and CAMD coefficients. Experiments with simulated and real data reveal the accuracy and the efficiency of the proposed feature extraction algorithms in Section IV and Section V. Concluding remarks are provided in Section VI.
II. MODELING OF RECONSTRUCTED HRRPS
Targets or components on targets with rapidly periodic rotation are common in rotating rotor blades, scanning antennas, turbines, etc. In this section, HRRPs of rapidly periodic rotating targets moving at constant speed in FSS are first addressed. Then the circular periodicity of HRRPs is depicted. Usually, the rotating targets model in Figure 1 can cover most of the typical scenarios in practice. For example, the twoblade rotors are just the case that there are only two rotating blades with radius of equal length and symmetrical about the origin O, while the three-blade rotors are the case that there are three rotating blades with radius of equal length and separated by 120 degrees. And the scattering centers of each blade can be determined by the physical optics (PO) facet prediction model [27] . However, in the scattering at high frequencies, the radar echoes from the rotating target can be approximated as the sum of scattering from a finite number of individual point-scatterers (namely scattering centers) and the scattering center model has already been proven to be good enough in radar signal simulation [28] , [29] .
Without loss of generality, suppose that there are strong scattering centers on the moving target together. Consider the l-th (l ∈ [1, L]) scattering center and the rotating radius is denoted as r l . At time t = 0, the distance from the radar to the origin O is denoted by R 0 and the initial distance from the radar to the scattering center l can be calculated as R l0 = R 2 0 + r 2 l + 2R 0 r l cos φ l0 where φ l0 is the initial rotation angle. Then at time the range of the scattering center l measured from the radar can be expressed by
The FSS uses a sequence of narrow sub-pulses to achieve wide bandwidth, where each sub-pulse has a single carrier frequency f 0 changing by a fixed amount f . The received baseband signal returned form the scatterering center l follows
where σ l is the backscattering coefficient of l; rect (·) is a rectangular window; T p is pulse width; c is the wave propagation velocity; n = 0, 1, 2, . . . , N − 1 denotes the n-th subpulse in a burst and f n = f 0 + n f denotes the corresponding carrier frequency. It has been proven that the phase of the baseband signal is linearly related to n when R lt is constant in time. Since the sequence of sub-pulses can be viewed as frequency samples of the total radar bandwidth in the frequency domain, the 1-D IFFT with respect to can be adopted to achieve the range compression, i.e., the reconstruction of HRRPs. However, due to the translation and the rapidly periodic rotation, R lt is time-varying and the peak position of HRRPs changes with respect to the time series. The phase of the returned signal at sampling time instant t = mNT R + nT R is
where m = 0, 1, 2, . . . , M − 1 denotes the m-th burst and T R denotes the pulse repetition interval (PRI). The peak positions of HRRPs are determined by
In the case of rapidly periodic rotating targets illuminated by a conventional FSS radar, ωnT R is usually very small and cos (ωnT R ) ≈ 1 and sin (ωnT R ) ≈ 0. Ignoring the last coupling term which is usually negligibly small in (4), the peak positions of HRRPs can be approximately rewritten as
The first term k 0 in (2) is a constant, the second term k 1 is the first order term with respect to m which imposes a linear modulation on the peak positions of HRRPs in the slowtime-range plane and the last term k 2 is the sinusoidal term which further imposes a sinusoidal modulation on the peak positions of HRRPs. The signal model in (5) can be simplified down to that in [5] when v = 0. When v = 0, the feature extraction method proposed in [5] based on three-point model will be invalid since the curves of HRRPs are not sinusoids anymore. Thus, new feature extraction methods via HRRPs are extremely needed in this new situation.
As demonstrated in the Appendix-A, k (m + M T ) (where M T is the period of time series) is actually a circular shift form of k (m) and HRRPs perform a circular periodicity with a period of T d , the same with the m-D modulation period.
III. FEATURE EXTRACTION
Ignoring the induced phase terms, the peak positions of HRRPs of the scattering center l have a simplified and generalized form as
where ρ l is a constant. Letting m = m + M T , we have
A. CC AND CAMD COEFFICIENTS [10] , [31] As shown in the Appendix-B, the CC coefficients matrix M C preserves the periodicity in row and column dimensions. Then the lag in the same diagonal of the CC coefficients matrix M C is a constant and elements in the same diagonal are supposed to be almost equivalent. Define the average CC coefficients as the average of p-th diagonal of the matrix
where
Apparently, C (p) has the same periodicity and shows peaks at time instant iM T , i = 0, ±1, ±2, · · · .
Similarly, as shown in the Appendix-C, the CAMD coefficients matrix M D also preserves the periodicity in row and column dimensions. Then the lag in the same diagonal of the CAMD coefficients matrix M D is also a constant and elements in the same diagonal are supposed to be almost equivalent. Like the definition of the average CC coefficients, the average CAMD coefficients can be defined as
Similarly, D (p) has the same periodicity and shows valleys at position iM T 
Thus, to estimate the rotating m-D frequency is equivalent to extract the intervals of the peaks of C (p) or the intervals of the valleys of D (p).
B. EXTRACTION STEPS AND COMPUTATIONAL COMPLEXITY
The rotating frequency can be estimated from the intervals of peaks of the CC coefficients or the intervals of the valleys of the CAMD coefficients. The concrete steps of the rotating frequency estimation method are enumerated in the following list.
Step 1) Reconstruct HRRPs of rotating targets in FSS via FFT, i.e., H l (k, m).
Step 2) Calculate the CC coefficients matrix M C of (25) in the Appendix-B or calculate the CAMD coefficients matrix M D via (33) in the Appendix-C.
Step 3) Calculate the average CC coefficients C (p) via (6) or calculate the average CAMD coefficients D (p) via (15) .
Step 4) Estimate the intervals of peaks of the average CC coefficients or the intervals of valleys of the average CAMD coefficients.
Step 5 
IV. SIMULATIONS
From Section IV-A to IV-D, the characteristics of reconstructed HRRPs of rapidly periodic rotating targets with translation motion in FSS are revealed. Then in Section IV-E, the estimation of rotating rotor blades of helicopters without translation motion is also presented. In Section IV-A∼IV-D, two sets of f d (5Hz and 7Hz) are chosen in the following simulations and the translation velocity is set to be nonzero for a more general case. According to the electromagnetic (EM) scattering model in high frequency, for a real complex target, the radar echo signal can be decomposed into multiple point scattering centers neglecting the interaction effect of EM scattering. Suppose that there are five strong scattering centers on the moving targets with different rotating radii and scattering coefficients. The main simulation parameters are listed in Table 1 . [5] . It can also be seen that HRRPs of the scattering centers are not normal sinusoidal curves due to the translation motion but with circular periodicity yet; because of this, the conventional feature extraction methods such as three-point model, Hough Transform (HT) or Extended Hough Transform (EHT) may be ineffective or with a huge computational burden.
To demonstrate the extraction of the rotating frequency from the HRRPs, the estimations via the CC coefficients and the CAMD coefficients are presented in following simulations. The precision of the estimations of the two extraction methods are compared with that of EHT and the robustness is also validated from the following simulations with various SNRs. The computational complexity is revealed by the time consumed for rotating frequency estimation. 
A. ESTIMATED RESULTS BASED ON THE CC COEFFICIENTS
The CC matrix of the HRRPs in Figure 3 From the estimated results of simulated data with high SNR, it can be concluded that the CC matrix presents periodicity in row and column dimensions and the rotating frequency can be estimated accurately via the CC coefficients of HRRPs. 
B. ESTIMATED RESULTS BASED ON THE CAMD COEFFICIENTS
The CAMD matrix of the HRRPs in Figure 3 precision under SNR=25 dB, it should be noticed that a high SNR is presented in the above simulations which may be not accord with the real scenarios. To reveal the robustness of the two methods, simulations with different SNRs are presented in the following.
C. ESTIMATED RESULTS IN VARIOUS SNRS
To prove the robustness of the two extraction methods in a more realistic scenario, simulations with Gaussian distributed complex noise in different SNRs (0 dB, −5 dB, −8 dB and −9 dB) when f d = 5 Hz are presented here. The additive Gaussian noise with given SNR is added into the simulated radar echo of each burst, i.e. m, as follows,
Step 1) Let m = 0 and simulate the radar echo with s (n, m) the signal amplitude assumed to be 1 Voltage. The power of the simulated radar echo of the m-th burst (without noise) can be calculated as
Step 2) For a given SNR (units in dB), the variance of noise can be calculated as
Step 3) The complex noise can be simulated as
where hilbert (·) computes the so-called analytic signal and randn (·) returns a matrix containing pseudorandom values drawn from the standard normal distribution. Then the finally simulated radar echo is
Step 4) Repeat Step 1) to Step 3) with the increase of until
The corresponding CC coefficients and the CAMD coefficients are shown in Figure 9 and Figure 10 , respectively. The estimatedf d s and the relative errors are given in Table 2 .
The results are mean values calculated for a few independent measurements using Monte Carlo simulation (100 times). The mean squared errors (MSE) off d via CC and CAMD coefficients in various SNR are plotted in Figure 8 coefficients are not obvious when the SNR decreases seriously. As depicted in Table 2 , when SNR=−8 dB the rotating frequency estimation is 4.8675 Hz with a relative error of 2.65% and the MSE off d is about 10 −1.69 which is almost acceptable. When SNR=−9 dB, the peaks are contaminated by the additive Gaussian distributed noise and the rotating frequency estimation sunk to 4.7215 Hz with a relative error of 5.57% and the MSE off d is about 10 −1.25 which is already relatively poor.
From the estimated MSE shown in Figure 8 (b) and the CAMD coefficients shown in Figure 10 Compared the estimated results with each other, we can see that the estimatedf d via the CC and CAMD coefficients is good enough when SNR is no less than −8 dB. But from the MSE of estimated rotating frequency in Figure 8 , it can be concluded that the rotating frequency extraction via the CC coefficients is more robust than that via the CAMD coefficients in low SNRs. Besides these characteristics, the time consumed for rotating frequency estimation via the CC coefficients is also less than that via the CAMD coefficients, which will be demonstrated in the following.
D. COMPUTATIONAL COMPLEXITY
To validate the accuracy and efficiency of the two proposed estimation algorithms compared to the conventional works, EHT is utilized to extract the m-D parameters from HRRPs. The location of scattering center in the range domain can be scaled by dividing k (m) by 2 f /c in equation (5), i.e., 
The estimated parameters via the six-parameter EHT are partly shown in Figure 11 To remove the local optimums and the cost burden, the velocity v is assumed to be zero and the parameter dimensions of EHT are reduced to four. Then the four-parameter EHT equation to extract the m-D parameters ((R l0 ; f d ; r * ; φ lε0 )) is as follows
The estimated parameters via the four-parameter EHT are partly shown in Figure 12 and the peak value yields an estimation of m-D frequency. When f d = 5 Hz, the estimated m-D frequency f d in the parameter domain of the fourparameter EHT shown in Figure 12 (a) in which it is clearly that the estimation equals 4.9 Hz with a relative error of 2% and when f d = 7.1 Hz, the estimation is 7.1 Hz with a relative error of 1.4% as shown in Figure 12 (b). The estimations are accurate by the four-parameter EHT. The results imply that the precision of EHT-based parameter estimation method is limited when the parameter dimension increases. To demonstrate the computational complexity of the two extraction methods compared with the four-parameter EHT, simulations with f d = 5 Hz with various M (128, 256 and 512) are presented here. In the same system and hardware condition, which includes a 64-bit Windows R 7 SP1 OS, an Intel R Core i7-6500U 2.5 GHz CPU, a 1-MB L2 cache, and an 8192-MB memory capacity, the time consumed for rotating frequency estimation via the CC coefficients, the CAMD coefficients and the four-parameter EHT is given in Table 3 .
The matrix of HRRPs is a 128×256 matrix when M = 128, a 256 × 256 matrix when M = 256, and a 512 × 256 matrix when M = 512. The CAMD coefficients calculation from a huge matrix is very expensive in terms of computational time while the CC coefficients can be calculated by the fast algorithm of circular convolution. Thus, the efficiency of rotating frequency estimation via the CC coefficients is usually very high which is proven in Table 3 . The computational time of estimations via the four-parameter EHT is more than that of estimations via the CC coefficients and less than that of estimations via the CAMD coefficients. However, the EHT easily runs into local optimums when the parameter dimensions increase which leads to inadequate estimations as shown in Figure 11 .
Thus, in general, in the cases of SNR no less than -8 dB, rotating frequency extractions via the CC coefficients and the CAMD coefficients are both acceptable with high accuracy compared with that via the EHT, but estimation method via the CC coefficients is more efficient than that via the EHT and the CAMD coefficients. In low SNR cases, the extraction method via the CC coefficients is not only accurate but also efficient compared to that via the EHT and the CAMD coefficients. Although the extraction efficiency via the CAMD coefficients is much lower than that via the CC coefficients, its accuracy under SNR no less than -8 dB is validated and it is more reliable than high-dimensional EHT which easily runs into local optimums. The rotating frequency estimation via the CAMD coefficients does enrich the methods of m-D feature extraction and the fast algorithm to calculate the CAMD coefficients matrix is a potential direction in further researches.
E. ESTIMATED RESULTS OF ROTATING ROTOR BLADES
For real rotating rotor blades of helicopters, the rotation rate is nearly from one to a few revolutions/second (r/s), typically 1-9 r/s, i.e., f d = 1-9 Hz. For example, the rotating rate of USA Air Force Bell AH-1 helicopter, also known as ''Huey Cobra'', is 4.9 r/s with f d = 4.9 Hz. For this reason, the simulated data utilized in [27] is chosen here to validate the effect of the proposed rotating frequency estimation algorithms via the CC and the CAMD coefficients in this paper. In the simulations, the radar is supposed to be at C-band with a wavelength of 0.06 m and a bandwidth of 300 MHz. The length of rotor blades is about 6.5 m. The rotation rate f d = 4 Hz, the translation velocity of the helicopter is about 100m/s and the range from the radar to the center of the rotor is about 750 m [27] . The HRRPs of the twoblade rotating rotor and the three-blade rotating rotor without translation motion are presented in Figure 14 (a) and Figure 14 (b), respectively [27] . The average CC coefficients and the average CAMD coefficients of two-blade rotating rotor are shown in Figure 15 
V. EXPERIMENTAL RESULTS
In this section, experimental trials of rotating targets are conducted to prove the validity of the m-D frequency extraction The scenario of the outfield experiments is shown in Figure 16 (a). The rotating target consists of two metal trihedral corner reflectors connected by a wooden spiral arm and the center of rotation is in the center of the wooden spiral arm. The rotating target is driven by a rotary motor and has been placed on the ground with a translation velocity v = 0 m/s and radius r A = r B = 0.4 m as shown in Figure 16 (b) [5] . The geometry of the outfield experiments is shown in Figure 17 . Since the rotating target has been placed on the ground, the FSS radar is set up on a high distance for vision. On the other hand, the slant range between the center of rotation O and the FSS radar is about 160 m to fulfill the far field assumption.
The main interference in the scenario is the inevitable ground clutter when the FSS radar looks down upon the ground which can be cancelled by the method proposed in [23] . The original HRRPs of rotating targets with f d = 1.61 Hz are illustrated in Figure 18 (a) which can be seen that HRRPs are contaminated with strong ground clutter and the HRRPs after the first-order ground clutter cancellation are shown in Figure 18 (b) [5] .
It is difficult to track moving targets in the scenario mentioned above, so there is no translation motion in the original measured data of the rotating targets. But it is easy to add the phases induced by the translation motion into the measured data. The phases can be extracted from equation (3) of translation motion is set to be 14 m/s and θ = 60 degree without loss of generality.
The HRRPs of rotating targets with translation motion are shown in Figure 19 (a). The HRRPs are slanted compared with the original HRRPs shown in Figure 18 (a) after the phases induced by the translation motion are added into the real data. The HRRPs of rotating targets with translation motion added after the first-order ground clutter cancellation are shown in Figure 19 (b). From Figure 19 (b) it can also be seen that although the scattering strength of each scattering center changes with time and the scattering blinking when the target is rotating, the circular periodicity of HRRPs is still preserved.
The average CC coefficients of the HRRPs with translation motion are shown in Figure 20 Table 4 . The relative errors are also presented in Table 4 in the corresponding bracket of each estimation. From these five groups of outfield experiments of rotating targets, the frequency estimation algorithms based on the CC coefficients and the CAMD coefficients of HRRPs are demonstrated.
VI. CONCLUSSION
In this paper, the HRRPs of rotating targets with translation motion in FSS are presented and the rotating frequency is estimated accurately based on the circular periodicity of HRRPs. The novelty of this paper is that it demonstrates the usefulness of the parameter estimation algorithms based on the CC coefficients and the CAMD coefficients of HRRPs with translation motion. From the analytical results, it is shown that the curves of HRRPs cannot be represented as norm sinusoidal modulation due to the translation motion. Based on the analyses, rotating frequency estimation algorithms based on the CC coefficients and the CAMD coefficients of HRRPs, are proposed and compared with each other under simulation trials with different SNRs. The proposed two methods both perform accurately under high SNR conditions while the feature extraction method via the CC coefficients is more efficient. Under low SNR conditions (less than -8 dB), only the estimation via the CC coefficients have high precision. However, the estimations via the CAMD coefficients performance better than the estimations via the EHT algorithms with high parameter dimensions and the improvement of calculation cost of the CAMD matrix is a potential research field yet.
APPENDIX

A. CIRCULAR PERIODICITY OF HRRPs
To demonstrate the circular periodicity of HRRPs of rotating targets with translation motion, let m = m + M T , giving the following
where M T is the period of time series. Due to the translation motion, i.e., v = 0, the sinusoidal periodicity of HRRPs is disturbed just as depicted in (20) . However, the last term in (20) is constant in each m-D modulation period and k (m + M T ) is a circular shift form of k (m) which means that HRRPs perform a circular periodicity with a period of T d .
B. CC COEFFICIENTS
The circular cross-correlation of two slices of H l (k, m) at instant m 1 , m 2 is defined as [10] 
Letting
Letting mod (k + η) = mod (k + q) − 2NM T v fT R cos θ/c, then (22) 
According to (22) and (23), it has C l (q; m 1 , m 2 ) = C l (mod (η + 2NM T v fT R cos θ /c) ;
It can be seen from (24) 
Therefore, the CC coefficients matrix preserves the periodicity in row and column dimensions.
C. CAMD COEFFICIENTS
In this segment, we reveal the circular periodicity of the CAMD coefficients. Consider two slices of H l (k, m) at instant m 1 , m 2 , the CAMD is defined as [30] 
According to (30) and (31), we can get 
D (m 1 , m 2 ) has the same periodicity with D l (q; m 1 , m 2 ) and the CAMD coefficients matrix also preserves the periodicity in row and column dimensions.
